Live cells are highly dynamic in all three dimensions, as shown by their membrane fluctuations, mass transport, growth, and motility. These dynamic activities are good indicators of viability and function, not only of the cell itself, but also of the entire organism to which the cell belongs. Therefore, it is desired to study the 3D dynamics of live cells to understand their activities and roles in organisms. Previous studies have relied heavily on techniques, such as fluorescence confocal microscopy, that require tagging and fixing of the specimen and are limited by photobleaching and phototoxicity when studying cells in their natural state.
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We have developed a label-free tomographic imaging technique we call white-light diffraction tomography (WDT) to obtain high-resolution 3D structures of live cells. When light and an inhomogeneous object interact, the light is scattered and its amplitude and phase change (see Figure 1 ). 1 When the object, such as a cell, is transparent to the light, only the phase of the incident light changes and these changes encode the 3D structure of the transparent object. WDT works by accurately measuring the phase of the electromagnetic field at different depth positions to obtain the complex scattered field from the object and deconvolving it with the 'point spread function.' WDT is based on a system called spatial light interference microscopy (SLIM) 2, 3 and generalizes Wolf's diffraction tomography theory 4 to illumination with broadband fields and imaging rather than scattering measurements. It achieves a resolution of 350nm transversely and 890nm axially.
We first demonstrated WDT by imaging unlabeled live cells such as an echinocyte (a red blood cell covered in tiny spikes), Escherichia coli (E. coli), and a human colon adenocarcinoma cell (a cancerous cell originating in glands) of type HT-29. Figure 2 
Figure 2. White-light diffraction tomography (WDT) measurement of an echinocyte. (a) Comparison between a spatial light interference microscopy (SLIM) measurement and a WDT image ('Deconvolution'), along with a scanning electron microscope (SEM) and confocal fluorescence image. (b) 3D renderings of the SLIM and WDT images from (a). (Reprinted with permission. 2 )
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WDT image and other conventional techniques. In Figure 2 (b), 3D renderings of SLIM and WDT measurements show that WDT provides much more detail than SLIM. WDT also reveals subcellular structures, such as the helical protein deposition within an E. coli cell. Figure 3(a) compares the SLIM measurement and WDT reconstruction of an E. coli cell to reveal a drastic difference in the structure revealed. Crosssectional images at different parts of the cell also show the increased 3D resolution of WDT. Figure 3(b) shows a 3D rendering of the bottom half of the cell to emphasize the helical subcellular structure.
WDT is also capable of reconstructing larger mammalian cells: we demonstrated this capability by measuring an HT-29 cell. Figure 4 is a 3D rendering of the cell, false colored by phase value. The quantitative information used for this false-coloring successfully segments the cell into three parts: cell membrane, nuclear membrane, and nucleoli. It can be seen that WDT recovers both the morphological details of the sample and the quantitative phase shift through the sample. Since the phase is directly related to the non-aqueous content distribution, or dry mass density, within biological cells, 5 WDT essentially provides a 3D distribution of dry mass within the sample.
In addition, WDT can measure a live cell in 3D for a long period of time. Figure 5 shows three slices at different depth positions of a human cell line (HeLa) cell, imaged for 24 hours. The membrane dynamics and division of nucleoli show that the cell was kept alive throughout the imaging process. This is made possible by the high stability of SLIM and an environmental control system that provides a suitable temperature and atmosphere.
In summary, we have introduced WDT as a new label-free tomographic technique, which is capable of 3D time-lapse imaging of live cells with submicron resolution in all three dimensions. With its noninvasive and quantitative nature, we expect WDT to become a standard tomographic imaging technique in biomedical imaging and provide further insights into a variety of biological samples. With fast WDT systems, we are now able to
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Figure 5. Three slices (at various positions on the Z-axis) from WDT images of a human cell line (HeLa) cell measured over 24 hours. Only a portion of the entire dataset is shown for better presentation.
look at fast dynamics within individual cells, such as transport and membrane fluctuations. We are also studying multiple cells in a 3D structure to understand how to mimic actual biological microenvironments, such as a neural network or tumors.
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